known to be degraded by the APC contain a conserved 9-amino acid stretch, commonly known as the destruction box, that is necessary for their ubiquitination and degradation (Glotzer et al., 1991 
Introduction

ROC1 Interacts Directly with All Cullins
Many regulatory proteins such as cyclins, CDK inhibiIn a yeast two-hybrid screen of a human HeLa pGADtors, and transcription factors are regulated by the ubicDNA library using mouse cullin 4A as bait, we identified quitin-dependent proteolytic pathway (Hochstrasser, a gene encoding a RING finger protein, named ROC1 1996; King et al., 1996; Hershko, 1997). A cascade of (regulator of cullins). ROC1 can also interact with cullins enzymes, E1, E2, and E3, catalyze the attachment of 1, 2, and 5 ( Figure 1A ). We then demonstrated that ROC1 ubiquitin (Ub) to substrates to form polyubiquitinated interacts with the COOH-terminal 527 amino acid resiconjugates that are rapidly detected and degraded by dues of CUL1, but not the NH 2 -terminal 249 residues the 26S proteasome. E1 and E2 both represent structur-( Figure 1B ). In contrast, SKP1 binds to the NH 2 -terminal ally related and well characterized enzymes that do not domain of CUL1. These results indicate that CUL1 conprovide much substrate specificity. The E3 is ambigutains at least two distinct domains, a NH 2 -terminal SKP1-ously defined as a function containing two separate binding domain and a central/COOH-terminal ROC1-activities: an Ub ligase activity to catalyze isopeptide binding domain. Such structural separation suggests bond formation and a specific targeting activity to physithat it is unlikely that ROC1 competes with SKP1 for cally bring the ligase and substrate together. Elucidating CUL1. Supporting this idea, we have detected ROC1 in the molecular nature and the regulation of E3s have the ␣-SKP1 immunocomplex, and SKP1 was reciprobecome critical issues central to our understanding of cally detected in the ␣-Roc1 immunocomplex when cells were cotransfected with ROC1, CUL1, and SKP1 (data regulated proteolysis. not shown). Hence, ROC1 and SKP1 may coexist in the Knowledge about E3 Ub ligases is very limited at pressame protein complex with CUL1 to perform different ent. The best characterized E3 ligase is the APC (anafunctions. phase-promoting complex or cyclosome), which plays To confirm the interaction between ROC1 and cullin a crucial role in regulating the passage of cells through proteins, Saos-2 cells were transfected with plasmids anaphase (reviewed in King et al., 1996 cally immunoprecipitated with either ␣-HA, ␣-CUL1, or 1 and 4) . The association between ROC1 and cullin 1 was not Database searches identified ROC1 as a highly evolutionarily conserved gene whose S. cerevisiae (ROC1-disrupted by buffer containing 0.1% SDS (data not shown), indicating that the ROC1-cullins association is Sc), S. pombe (ROC1-Sp), and plant (ROC1-At) homologs share 67%, 88%, and remarkably 98% protein very stable.
To obtain evidence for in vivo ROC1-cullins associasequence identity with human ROC1, respectively, over the 82-amino acid region compared ( Figure 2C ). Datation under physiological conditions, we raised rabbit polyclonal antibodies specific to ROC1. This antibody base searches have also identified two additional genes, ROC2 in higher eukaryotes and APC11 in all eukaryotic is capable of precipitating both ROC1 and the ROC1-CUL1 complex as determined by the use of in vitro species ( Figures 2B and 2C) , that are closely related to ROC1. ROC1 and ROC2 share an overall protein setranslated proteins ( Figure 1D; lanes 1 and 2) . From metabolically labeled HeLa and Saos-2 cells, the ␣-Roc1 quence identity of 51% with each other and 38% and 35% identity with APC11, respectively. Both ROC2 and antibody precipitated a protein of approximately 14 kDa (lanes 3 and 5). This protein corresponds to ROC1 as APC11 are also highly evolutionarily conserved. Therefore, ROC1/ROC2/APC11 define a new family of proteins judged by its comigration with in vitro produced ROC1 and by competition using the antigen peptide (lanes 4 that are likely to carry out important cellular functions. ROC/APC11 proteins contain two characteristic feaand 6). Several proteins that migrated in the 90 kDa range (indicated as "cullins" in Figure 1D ) were also tures: a RING finger and richness in tryptophan residues. The RING finger domain has been found in many eukaryspecifically competed by the antigen peptide. We immunopurified these proteins and determined their seotic proteins with diverse functions and is thought to mediate protein-protein interactions (Borden and Freequences by protein microsequencing. At least four cullin proteins (CUL1, CUL2, CUL3, and CUL4A or 4B) have mont, 1996). Three of the six highly conserved tryptophan residues in ROC1 are followed by an acidic amino been identified from this analysis thus far. HeLa cell lysate was then immunoprecipitated with antibodies to acid residue (Asn, Glu, or Asp) that resembles the WD repeat indicating that they may be involved in mediating ROC1, CUL1, and CUL2, and precipitates were analyzed by Western blotting. As shown in Figure 1E 
Discovery of the Ub-Ub ligation catalyzed by ␣-Roc1
autoradiography showed that equal amounts of IB␣ protein remained unubiquitinated after incubation with and ␣-APC11 immunocomplexes prompted us to determine whether they can also catalyze Ub-substrate lithe ROC1 complex ( Figure 5C, lane 7, bottom) . This indicates that only the phosphorylated form of IB␣ was gations. We chose IB␣, an inhibitor of the NF-B transcription factor, for this study, as it was recently reported ubiquitinated by the ROC1 complex. that signal-induced phosphorylation of IB␣ targets it for ubiquitination by cullin 1, SKP1, and the F box protein, identified, ROC/APC11 and cullin/APC2 are the only two
ROC1 Is an Essential Subunit for Ligase Activity
